ABSTRACT Pertussis toxin (PT), a protein produced by Bordetella pertussis, was studied for its effect on lipolysis in isolated rat epididymal adipocytes. Exposure of adipocytes to pertussis toxin resulted in a significant increase in cyclic AMP levels and lipolysis after a lag of 1-2 hr. Both the maximal rate of lipolysis and the time lag (beyond 1 hr) were PT concentration-dependent. Heat treatment (950C, 30 min) or incubation with specific antibody directed against PT eliminated the ability of toxin to increase lipolysis. Cell-free culture medium from B. pertussis, but not from nontoxigenic BordeteUa species, had the same effect on lipolysis as purified toxin. Comparison of the PT effect with the known lipolytic effect of cholera toxin (CT) revealed that the two toxins elicited responses that were indistinguishable in time course and magnitude. In contrast, the adenylate cyclase (EC 4.6.1.1) activities in membranes prepared from PT-or CT-treated adipocytes were different. Adenylate cyclase activity in membranes from control (untreated) adipocytes was inhibited 35-64% by the adenosine analogue N -(L-2-phenylisopropyl)-adenosine. As expected from previous studies, membranes from CT-treated adipocytes demonstrated an increased basal activity but showed the same proportional inhibition by N6-(L-2-phenylisopropyl)-adenosine as controls. On the other hand, membranes from adipocytes exposed to PT (400 ng/ml for 4 hr) showed no increase in basal adenylate cyclase activity but had reduced sensitivity to N6-(L-2-phenylisopropyl-adenosine inhibition, with the maximal effect ranging from 11 to 30% at 10-6 M N6-(L-2-phenylisopropyl)-adenosine. These data support the hypothesis that PT promotes cyclic AMP-dependent lipolysis in a manner quantitatively equivalent to CT, but by a different mechanism involving increased cyclic AMP levels resulting from loss of responsiveness to endogenous inhibitors such as adenosine.
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Pertussis toxin (PT), a protein exotoxin from Bordetella pertussis, has been shown to modify the hormone responsiveness of a number of in vitro cultured cells (1-4, ¶). In general, PT treatment results in an augmentation of the response to hormones or other agents that cause cyclic AMP accumulation and a reduction or abolition of the response to inhibitory hormones that inhibit cyclic AMP accumulation. In all cases, there has been little or no effect on basal levels of cyclic AMP in the absence of added hormone.
Endoh et al. (5) and Sekura and Manclark (6) have shown that PT induces lipolysis in isolated rat adipocytes and that this effect can be used as an in vitro assay for toxin. Neither study addressed the mechanism of lipolysis or the apparent paradox of a primary toxin effect in the absence of hormonal stimulation. Recently, Garcia-Sainz studied lipolysis in adipocytes from pertussis vaccine-treated hamsters (7 
MATERIALS AND METHODS
Bovine serum albumin (fraction V), adenosine, adenosine deaminase, isobutylmethylxanthine, ATP, GTP, isoproterenol, and cholera toxin (CT) were purchased from Sigma. N6-(L-2-Phenylisopropyl)-adenosine was from Boehringer Mannheim. [a-32P]-ATP was prepared enzymatically from adenosine and 32p (ob- tained from New England Nuclear) by the method of Johnson and Walseth (8) . Collagenase was purchased from Worthington. Ro 20-1724 was generously supplied by W. E. Scott (Hoffmann-La Roche).
Preparation of the PT Protein. PT was prepared from the supernatant culture medium of B. pertussis, strain 114, by modification of published methods (9) (10) (11) . Organisms were grown in modified Stainer-Scholte medium (12) for 44-48 hr and the culture medium was then clarified by centrifugation. Toxin was concentrated on hydroxylapatite (Calbiochem) and eluted with phosphate buffer (100 mM, pH 7.0) containing sodium chloride (0.5 M) at 4°C as described (9 
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The hydroxylapatite eluate was passed over the affinity column at room temperature and the column was washed sequentially with sodium phosphate (100 mM, pH 7.0) with NaCl (0.5 M) and then with Tris-HCl (100 mM, pH 10) containing NaCl (0.5 M). The adsorbed toxin was eluted with KI (3 M) in Tris-HCI (100 mM, pH 10) with NaCi (0.5 M) and was concentrated and dialyzed against phosphate buffer (100 mM, pH 7.0) with NaCi (17) , which was modified by the addition of NaCl (80 mM), GTP (1 .M), and adenosine deaminase (adenosine aminohydrolase, EC 3.5.4.4) (1 unit/ml) and the substitution of (21) , an increase in the rate of lipolysis implies either an increase in intracellular cyclic AMP concentration or, less likely, a direct effect on the kinase or the lipase. The possibility that PT might be acting by increasing intracellular cyclic AMP levels was surprising in that other cultured cell systems in which the toxin has been studied respond with markedly altered hormone responsiveness but with no change in basal cyclic AMP levels (1-5). The predominant effect of PT in those systems has been to decrease or abolish the effect of inhibitory hormones that reduce cyclic AMP levels. Because lipolysis in isolated adipocytes is thought to be under tonic inhibition by endogenous cellular products, such as adenosine (22), we considered the possibility that the stimulation of lipolysis by PT might simply reflect relief of such inhibition with resultant increase in cyclic AMP and lipolysis.
To test this hypothesis, we first compared the PT-induced lipolysis with that elicited by several agents known to interfere with adenosine effects. Adenosine deaminase (1 unit/ml) increased lipolysis from the time of addition to the incubation medium, but the magnitude was not as great as that induced by PT (400 ng/ml) (data not shown). On the other hand, isobutylmethylxanthine (1 mM) stimulated lipolysis without a lag and at a rate parallel to that obtained with PT after 2 hr of incubation (Fig. 3) . Although methylxanthines are known to inhibit phosphodiesterase, it has been shown by Londos et al. (23) that lipolysis is increased at concentrations lower than those required to inhibit phosphodiesterase. This inhibitory effect of methylxanthines is attributed to antagonism of the action of adenosine at its R-site receptor. This concept is further supported by the observation that under the conditions employed here a phosphodiesterase inhibitor without adenosine receptorblocking activity, Ro 20-1724, had no effect on lipolysis (Fig.  3) .
To determine if the induction of lipolysis by isobutylmethylxanthine and PT was, indeed, mediated by cyclic AMP, we measured adipocyte cyclic AMP levels. As shown in Table 2 However, with these data it was not possible to determine whether PT was acting to block adenosine effects, as isobutylmethylxanthine, or activating the adenylate cyclase directly, as CT. In fact, the 1-hr latency exhibited by PT was equivalent to that required by CT and was in contrast to the rapid onset of isobutylmethylxanthine-promoted lipolysis. The latency in CT action has been attributed to time required for toxin to penetrate the cell and initiate its ADP-ribosylation of the guanine nucleotide binding protein G/F, ultimately resulting in acti- (1 mM) 29.8 ± 2* 22.3 ± 0.4* PT (750 ng/ml) 13 .0 ± 0.5t 62.2 ± 0.8* Rat adipocytes were isolated and prepared as described for lipolysis experiments, except that they were suspended in Krebs-Ringer phosphate buffer with 1% bovine serum albumin. Cells were incubated with control buffer (none), isobutylmethylxanthine, or PT for the times indicated, and the reaction was terminated by the addition of trichloroacetic acid to a concentration of 10%. The trichloroacetic acid was removed by five extractions using 5 vol ofwater-saturated ether, and the resultant solution was assayed for cyclic AMP vation of the adenylate cyclase and increase in cyclic AMP levels (25) . However, it has been noted that cyclic AMP accumulation and lipolysis in CT-treated cells remain capable of inhibition by adenosine analogues (26) and adenylate cyclase in membranes from CT-treated cells is sensitive to a-adrenergic inhibition (27) .
These features of the CT effect were used to investigate further the mechanism of PT-induced lipolysis. We compared the adenylate cyclase activity of adipocyte membranes from control, PT-treated (400 ng/ml, 4 hr), and CT-treated (1 ,Ag/ml, 4 hr) adipocytes for their response to the adenosine deaminaseresistant adenosine analogue N6-(L-2-phenylisopropyl)-adenosine (Fig. 4) . In control membranes [in the experiment shown in Fig. 4 , basal activity (mean ± SD) = 38 + 1.5 pmol/min per mg of protein], N6-(L-2-phenylisopropyl)-adenosine inhibition was maximal at 10' M and in four separate experiments ranged from 35 to 64% of basal adenylate cyclase activity. Membranes derived from adipocytes treated with CT manifested the expected 6-to 10-fold increase in activity (232 + 7.0 pmol/min per mg of protein) but were inhibited equally by N6-(L-2-phenylisopropyl)-adenosine. On the other hand, PT treatment yielded membranes with a small, but reproducible, decrease (mean + SD) in adenylate cyclase activity relative to control (27 ± 0.8 pmol/min per mg of protein) but a significantly reduced sensitivity to N6-(L-2-phenylisopropyl)-adenosine inhibition (relative to control and CT). The N6-(L-2-phenylisopropyl)-adenosine inhibition ranged from 11 to 30% under the conditions described and could be totally abolished with higher toxin concentration or longer duration of exposure. Thus, it was apparent that although the time course of PT-induced lipolysis. is identical to that elicited by CT, there is no permanent activation of the adenylate cyclase. Rather, the lipolytic effect of PT results from the reduced inhibition by adenosine or other inhibitors endogenous to the adipocyte (or both). The consistent decrease in basal adenylate cyclase activity seen in membranes from PT-treated cells was also present in membranes from isobutylmethylxanthine-treated cells (data not shown). This (400 ng/ml, 4 hr), CT (1 jig/ml, 4 hr), or control buffer. Membranes were prepared by the described method (13) (28, 29) , or an inhibitory effect of one or more products of the massive lipolysis induced in these cells (unpublished data).
Although the mechanism of PT-induced increases in cyclic AMP and lipolysis appears to be different from that of CT, there are important similarities between the two toxins. The PT-mediated reduction in inhibitory hormone responsiveness has been shown to be associated with ADP-ribosylation of a membrane protein, Mr = 41,000, which is clearly distinct from that modified by CT (30, 31) . In light of the extensive data by Ui and his co-workers (1-3, 30, 32 ) and others (refs. 7, 33 , and 34; unpublished data) as well as that presented here, it appears likely that the target protein modified by PT is the guanine nucleotide-dependent regulatory protein postulated to couple inhibitory receptors to the adenylate cyclase complex (referred to as Gi or N.) (35) . NAD-dependent covalent modification of Ni would alter the molecule in such a way that inhibitory coupling to the adenylate cyclase is impaired or blocked. The wide spectrum of inhibitory agents affected by PT, including a-adrenergic (1, 2, 7), muscarinic cholinergic (3, ¶), opiate (3, 31, ¶), and dopaminergic (4) as well as adenosine (2, 7) , suggests that all of these compounds may exert their influence through this common pathway, much as the stimulatory agonists for adenylate cyclase require the presence of the guanine nucleotide binding component, G/F (also referred to as Gs or Ns) (30) (31) (32) (33) (34) (35) .
In conclusion, we believe that lipolysis in an isolated adipocyte preparation provides a sensitive assay for the biological activity of PT'in the ng/ml range, as proposed by Endoh et al. (5) . We have provided evidence that the toxin acts by blocking endogenous inhibitory mechanisms. With this understanding it is clear that this microbial product will be a useful tool for further dissection of cellular metabolic regulation and hormone responsiveness in adipocytes and other cells.
